Many young people consume ecstasy as a recreational drug and often in combination with cannabis. In this study, we aimed to mimic human consumption patterns and investigated, in male and female animals, the long-term effects of Δ 9 -tetrahydrocannabinol (THC) and 3,4-methylenedioxymethamphetamine (MDMA) on diverse neuroinflammation and neurotoxic markers.
Introduction
Polydrug use among young people is a very frequent phenomenon and has increased in the last few years. In particular, cannabis is the most widely taken, illegal, co-drug in 3,4-methylenedioxymethamphetamine (MDMA) users, especially among younger adults (Parrott et al., 2007; Schulz, 2011) . Thus, 98% of the ecstasy users had also taken cannabis in a sample of East Coast college students (Wish et al., 2006) . Motivation for polydrug use might be influenced by psychophysiological aspects, for example, the transient relief exerted by one of the drugs of some undesired effects caused by the other substance. Specifically, acute cannabis consumption has been described by MDMA (ecstasy) abusers as a symptomatic relief against the feeling of anhedonia and depression, which follows ecstasy's high (see Schulz, 2011; Parrott et al., 2007) .
Cannabis is the most commonly used illicit drug among young people in Europe (EMCDDA, 2012) . It is obtained from extracts of the hemp Cannabis sativa and its main psychotropic substance is Δ 9 -tetrahydrocannabinol (THC) (Bossong and Niesink, 2010; Klein et al., 2011) . THC binds to cannabinoid CB1 receptors (receptor nomenclature follows Alexander et al., 2013) that are highly expressed in the brain and are involved in multiple functions, including neural development (Keimpema et al., 2011) , inflammation (Massi et al., 2008; Wolf et al., 2008) , and anxiety and stress responses (Viveros et al., 2005; 2007; 2011) among many other aspects of homeostasis (Marco et al., 2012) . Many studies demonstrate that cannabis produces severe behavioural and neurophysiological impairments and that these deficits are more evident when this substance is taken during critical developmental periods like adolescence . In fact, previous reports have shown that chronic adolescent administration of CB1 receptor agonists induces alterations of the emotional behaviour, the cognitive function as well as psychotic-like symptomatology in adult rats (Biscaia et al., 2003; Schneider and Koch, 2003; 2007; O'Shea et al., 2004; 2006; Llorente-Berzal et al., 2011; 2013a; Mateos et al., 2011; Zamberletti et al., 2012) . The administration of CB1 receptor agonists during adolescence also induces long-term neurochemical changes in the brain (Rubino et al., 2008; Llorente-Berzal et al., 2013a) and sex-dependent changes in expression and functionality of hippocampal CB1 receptors (Mateos et al., 2011; López-Gallardo et al., 2012) .
Regarding the involvement of the endocannabinoid system in the control of neuroinflammation, glial cells, astrocytes and microglia cells all express cannabinoid receptors (Stella, 2010 ) that contribute to modulate the inflammatory response. Marchalant et al. (2007) showed that WIN55212-2, a synthetic cannabinoid agonist, produced a decrease in the number of activated microglia after treatment with LPS, suggesting that the cannabinoid system may play a role in the control of microglia reactivity in response to an insult.
MDMA (or ecstasy) is a psychostimulant drug usually consumed by young adults attending a range of different nightlife venues (Parrott, 2004; EMCDDA, 2012) . MDMA is an analogue of methamphetamine, which induces a rapid release of serotonin and inhibition of its re-uptake, affecting also other neurotransmitters such as dopamine and noradrenaline (Baumann et al., 2007) , and increases the metabolic activity and the production of free radical and oxidative stress (Parrott, 2004) . The most consistent effect of MDMA exposure in rats is the serotoninergic deficit in various regions of the forebrain, including striatum, hippocampus and cortex (Battaglia et al., 1991; Piper, 2007) . Other indicators of MDMA-related insults are markers of neurotoxicity, such as cell death rate (Schmued, 2003) , glial fibrilar acidic protein (GFAP) levels (Johnson et al., 2002; Frau et al., 2013) and neuroinflammation via activation of microglial cells (Monks et al., 2004; Connor et al., 2005) . Although it is known that MDMA consumption during adolescence induces several long-lasting behavioural impairments on mood and cognitive function (Piper, 2007; Llorente-Berzal et al., 2013a) , there is scarce information about long-lasting neurotoxicity induced by adolescent MDMA exposure.
A critical factor to be considered regarding drug use and abuse is that sex differences affect many psychobiological aspects, including addiction (Carroll et al., 2004; Viveros et al., 2006 Viveros et al., , 2009 2011) . For example, clinical studies have shown that women are more susceptible to the effects of drugs of abuse (Carroll et al., 2004) . In particular, the majority of research in humans suggests that women are more likely to be affected by cannabinoids than men (Craft et al., 2013) . We have extensively studied sexual dimorphisms after chronic cannabinoid treatment during adolescence, which has allowed us to show an important number of sex differences affecting behavioural, endocrine and neuronal parameters (for a review, see Viveros et al., 2011; , as well as sexdependent effects on glial cells (GFAP positive cells) . Although there have been only a few studies that have focused on sexual dimorphisms in responses to MDMA in adult animals, a number of sex differences have been reported. Thus, female animals are more sensitive than males to the locomotor effects of MDMA (Palenicek et al., 2005; Walker et al., 2007) , and MDMA induced lower levels of acoustic startle response in the prepulse inhibition test in female rats than in males (Bubeníková et al., 2005) . Moreover, we have recently found that males were more sensitive than females to the rewarding effects of an adolescent treatment with MDMA, as assessed by the conditioned place preference (Llorente-Berzal et al., 2013b) . Sexual differences in both cannabinoid and MDMA-induced effects can be attributed to both pharmacodynamic and pharmacokinetic factors (Fonsart et al., 2009; Craft et al., 2013) .
In a recent study, we have reported long-term endocrine, behavioural and molecular effects of an adolescent treatment with THC and/or MDMA by using a protocol that mimics the pattern of drug consumption in young humans (Llorente-Berzal et al., 2013a) . In brief, we used an MDMA administration schedule based on Meyer et al. (2008) , who developed and characterized an animal model that mimics human MDMA weekend consumption, whereas THC was daily administered in an increasing dose regime (Rubino et al., 2008) . The specific chronic and escalating THC administration schedule was chosen because (i) a substantial proportion of cannabis users develop stable use patterns characterized by continuous use of cannabis (Ramaekers et al., 2011) and (ii) chronic cannabinoid administration usually induces tolerance to many of the effects of THC (Childers, 2006) . In the present study, we carried out an immunohistochemical analysis in the hippocampus and parietal cortex of animals employed in our previous experiments (Llorente-Berzal et al., 2013a) . In particular, we focused on glial (astrocytes and microglia) cells and on the serotonin transporter (SERT) and CB1 receptors. In view of the numerous sexual dimorphisms found in our previous study (Llorente-Berzal et al., 2013a) , we also analysed here males and females. The present results demonstrate that chronic treatment with THC and/or MDMA during adolescence induced sex-dependent long-term effects on astrocyte and reactive microglia markers, as well as on CB1 receptor expression and serotoninergic neurotoxicity. As we discuss below, some of these effects might be related to behavioural outcomes reported previously and, as in our previous study, we also reveal here functional interactions between both drugs. (Kilkenny et al., 2010; McGrath et al., 2010) . The animals used were the offspring of Wistar albino rats purchased from Harlan Laboratories (Milan, Italy), which were mated (one male × two females) at least 2 weeks after their arrival. After 10 days, females were single-housed and control of birth was strictly controlled. On the day of birth, postnatal day (pnd) 0, litters were culled and sex-balanced to eight pups per dam (four males and four females). Pups were left undisturbed until pnd 22 when they were separately housed in pairs of siblings of the same sex per cage. A total of 128 animals coming from 16 litters were used for the present experiment. All animals were maintained at constant conditions of temperature (22 ± 2°C) and humidity (50 ± 2%) in a reverse 12 h dark/light cycle (lights on at 20.00), with free access to food (commercial diet for rodents A04/A03; Safe, Augy, France) and water until they were killed at pnd 89-92.
Methods

Animals
Pharmacological treatments
THC (Dronabinol) was purchased from THC Pharm GmbH (Frankfurt, Germany) and dispersed in ethanol, cremophor (Sigma-Aldrich, Madrid, Spain) and saline (1:1:18) as in previous experiments Llorente-Berzal et al., 2011) . MDMA hydrochloride was purchased from Lipomed (Arlesheim, Switzerland) and solutions were daily prepared in saline (0.9% NaCl). Drug treatments were restricted to the adolescent period, from pnd 28 to pnd 45 (Spear, 2000) where animals received i.p. injections of increasing doses of THC (2.5 mg·kg −1 from pnd 28 to 34; 5 mg·kg −1 from pnd 35 to 40; 10 mg·kg −1 from pnd 41 to 45) or vehicle, according to a slightly modified protocol from Rubino et al. (2008) , the assignment to each group was randomised and under blind code during all the experiment. Additionally, every 5 days, from pnd 30, animals received two daily injections of MDMA (10 mg·kg −1 , s.c., calculated as the salt) or saline (Sal), with an inter-dose interval of 4 h, following a modified protocol from Meyer et al. (2008) . Both drugs were administered at a volume of 2 mL·kg −1 (see Figure 1) . Animals in the present study were exposed to exactly the same timeline, pharmacological treatments and behavioural tests as those described in Llorente-Berzal et al. (2013a) , where the methodological details and results obtained in the first part of this study are explained.
Tissue fixation and immunohistochemistry
For histological analysis, at adulthood (pnd 89-92), a total of 48 animals (6 animals per experimental group) were anaesthetized with sodium pentobarbital (100 mg·kg −1 , i.p.; Vetoquinol, San Fernando de Henares, Spain) and perfused intracardially, first with saline (0.9% NaCl) and then with fixative solution (4% paraformaldehyde in 0.1 M phosphate buffer). Brains were removed and immersed overnight at 4°C in the same fixative solution and then rinsed with phosphate buffer. Coronal sections, 50 μm thick, were obtained using a Vibratome (VT 1000 S; Leica Microsystems, Wetzlar, Germany) and each batch of sections was used for an independent immunohistochemical marker. Sections for all animals were processed for all the studied antigens.
Figure 1
Scheme of the pharmacological treatment. Animals were exposed to increasing doses of THC (2.5, 5 and 10 mg·kg −1 or vehicle, i.p.) from pnd 28 to 45, and to MDMA (10 mg·kg −1 or saline, s.c.) twice a day every 5 days from pnd 30 to 45 with an inter-dose interval of 4 h.
Immunohistochemistry was carried out on free-floating sections. All washes and incubations were performed in 0.1 M phosphate buffer (pH 7.4), containing 0.3% BSA and 0.3% Triton X-100 (Sigma-Aldrich, St Louis, MO, USA). The endogenous peroxidase activity was quenched in a solution of 3% hydrogen peroxide in 30% methanol. Sections were incubated overnight at 4°C with either a rabbit polyclonal antibody against GFAP, a marker of astrocyte reactivity (diluted 1:1000; Dako, Glostrup, Denmark), a rabbit polyclonal antibody against the ionized calcium binding adaptor molecule 1(Iba-1), a marker of microglia (diluted 1:2000; Wako Pure Chemical Industries, Osaka, Japan), a rabbit polyclonal antibody against the transporter protein SERT (diluted 1:500; Calbiochem, Darmstadt, Germany) and a rabbit polyclonal antibody against CB1 receptors (diluted 1:500; Thermo Scientific, Rockford, IL, USA). For these last two antibodies, a previous antigen retrieval step was needed (10 mM sodium citrate buffer, pH 8.7, 85°C). After primary antibodies, sections were incubated for 2 h with biotinylated goat antirabbit IgG (diluted 1:300; Pierce, Rockford, IL, USA). After several washes, sections were incubated for 90 min with avidin-biotin-peroxidase complex (diluted 1:250; ImmunoPure ABC peroxidase staining kit; Pierce) and the reaction product was revealed with 2 μg·mL −1 3,3′-diaminobenzidine (Sigma-Aldrich, St. Louis, MO, USA) and 0.01% hydrogen peroxide in 0.1 M phosphate buffer. Finally, sections were dehydrated, mounted on gelatinized slides, coverslipped and examined with a Leitz Laborlux microscope (Leica Microsystems). Incubation of the tissue without the primary antibody was used as a control for immunohistochemistry. The hippocampus and parietal cortex were selected for immunohistochemical assessments for the following reasons. The implication of the hippocampus in cognition and memory is well known, and heavy MDMA users show an impaired cognitive function, including memory deficits (Quednow et al., 2006; 2007) . Moreover, recent data have shown oxidative damage in the hippocampus of mice acutely treated with MDMA (Ros-Simó et al., 2013) . CB1 receptors are highly expressed in the hippocampus (Herkenham et al., 1990) and are crucially involved in cognitive function and memory (Sullivan, 2000; Moreira and Lutz, 2008) . Chronic exposure to THC in adolescent rats has been shown to induce longterm alterations of hippocampal CB1 receptors, brain-derived neurotrophic factor (BDNF) and GFAP , as well as memory deficits (Schneider and Koch, 2003; Rubino et al., 2009a,b; Mateos et al., 2011) . Regarding the measurement of SERT density surface in parietal cortex, we selected this area for technical reasons. In the hippocampus or other areas such as the amygdala, the disposition of SERT fibres is diffuse, whereas in the cortex, it is very similar to a net where we can relatively easily distinguish vertical and horizontal fibres and quantify the surface density.
Morphometric analysis
All observations were made without knowledge of the treatments and samples were coded. We examined every section obtained from 2.5 to −2 mm bregma (Paxinos and Watson, 1998) and sections from 4 to 6 animals in each experimental group were analysed. GFAP presence was determined in the hilus area of the hippocampus by the calculation of the percentage of area immunostained for GFAP in high-quality microphotographs taken under the 10× objective. Six counting frames per animal were analysed by measuring densitometry with the software IMAGEJ 1.46o (NIH, Bethesda, MD, USA). The images were all changed to binary code and the positive staining was used to set the threshold, then, by using always the same measure area, the optical density was automatically determined and the percentage of stained area was calculated over the total area of the microphotograph.
The morphology of Iba-1 immunoreactive microglia was assessed with the 40× objective. Cells were classified, as described in (Diz-Chaves et al., 2012) , in five morphological types: type I, cells with few cellular processes (two or less); type II, cells showing three to five short branches; type III, cells with numerous (>5) and longer cell processes and a small cell body; type IV, cells with large somas and retracted and thicker processes; and type V, cells with amoeboid cell body, numerous short processes and intense Iba-1 immunostaining. Iba1-immunoreactive cells type III, type IV and type V were classified as reactive microglia (Diz-Chaves et al., 2012) . For each animal, we analysed a total of 100 cells within four different slices in the hilus area of the hippocampus and classified them into one of the five groups to finally sum them and determine the percentage of each group over the total.
SERT expression was assessed by analysing the surface density of SERT positive (+) fibres within the parietal cortex area on high-resolution microphotographs taken with the 40× objective. The surface density of SERT positive fibres was estimated according to the method of Weibel (1979) using a morphometric grid defining an area of 195 × 146 μm and presenting vertical and horizontal lines separated by a distance of 30 μm. The grid was superimposed over the microphotograph and we counted the number of vertical and horizontal intersections of the lines of the grid with the SERT positive fibres, and then the total number of intersections was summed.
Quantification of CB 1 receptor immunostaining was carried out on high-resolution microphotographs taken with the 10× objective and under the same conditions of light and contrast, by measuring optical density using the software IMAGEJ 1.46o (NIH), because this antibody presents a punctuate and diffuse staining. We analysed five slices per animal and focused on CA1 and CA3 areas of Ammon's horn and the hilus of the dentate gyrus of the hippocampus.
Data analysis
Data were analysed using a three-way ANOVA, with factors being sex (males vs. females), cannabinoid treatment (Vehicle vs. THC) and intermittent MDMA administration (Sal vs. MDMA). Normality and homocedasticity were assessed with Kolmogorov-Smirnov and Levene's tests respectively. When necessary, data were transformed to achieve a normal distribution. Post hoc comparisons were performed using the Bonferroni test with a level of significance, P < 0.05. In the case of CB1 receptor data, additional Student's t-tests were performed between control males and females, as detailed in the Results section. Statistical analyses were carried out with the SPSS 19.0 software package (SPSS, Inc., Chicago, IL, USA).
Results
GFAP
The analysis of the percentage of area immunoreactive for GFAP by a three-way ANOVA rendered a significant effect of THC treatment [F(1,35) = 40.85; P < 0.001] and a significant interaction between THC and MDMA [F(1,35) = 17.32; P < 0.001].
As Figure 2 shows, THC induced a significant increase in the proportion of GFAP-positive cells in both sexes, and the same trend was observed for MDMA. No additive effects were found when both drugs were administered in combination. Rather, in females, MDMA tended to counteract the effect of THC.
Iba-1
Three-way ANOVA of the percentage of microglia cells with reactive phenotype rendered significant effects of THC [F(1,34) = Figure 3 ) revealed a significant difference between male and female control groups, with females exhibiting higher levels of reactive microglial cells. In males, both drugs, either separately or in combination, induced a significant increase of the percentage of reactive microglia cells. In contrast, in females, each drug, when administered alone, produced a significant decrease of this parameter, whereas the combination of both drugs resulted in 'normalization' to control values (see Figure 3) . [F(1,35) = 100.93; P < 0.001] and MDMA [F(1,35) = 102.61; P < 0.001]. It also revealed that the double sex × THC interaction [F(1,35) = 4.84; P < 0.05] and the triple interaction [F(1,35) = 4.61; P < 0.05] were significant. Post hoc comparisons showed a significant difference between control male and female animals. In addition, in males, MDMA induced the expected significant reduction of SERT positice fibres, THC induced the opposite effect, that is, a significant increase in this parameter, and the group receiving both drugs did not significantly differ from the control group. In females, MDMA reduced the number of SERT positive fibres and, in the absence of any effect of THC per se, the combination of both drugs counteracted the effect of MDMA (Figure 4) .
CB 1 receptors
Optical densitometry of CB1 receptor expression has been studied in three different areas of the hippocampal formation: CA1, CA3 and hilus. The three-way ANOVA revealed, for each hippocampal area studied, a significant effect of the THC treatment [CA1: F(1,34) = 5.34, P < 0.05; CA3: F(1,34) = 11.54,
Figure 3
Percentage of reactive microglial cells in the hilus of adult male and female rats. Animals were exposed to increasing doses of THC, 2.5, 5 and 10 mg·kg −1 or vehicle (Vh), from pnd 28 to 45, and to MDMA, 10 mg·kg F(1,34) = 10.69, P < 0.01] and significant interactions between sex and THC [CA1: F(1,34) = 11.34, P < 0.01; CA3: F(1,34) = 7.22, P < 0.05; hilus: F(1,34) = 4.94, P < 0.05]. Furthermore, in CA3, it also rendered a significant effect of the MDMA treatment [F(1,34) = 7.70; P < 0.01]. Post hoc comparisons did not reveal any difference among male animals, whereas among females, the group exposed to both drugs showed the lowest CB1 expression in the three subareas analysed ( Figure 5) . A visual inspection of the histograms showed at least a trend towards a higher expression of CB1 receptors in control females than in control males. In order to clarify this point, we carried out the corresponding comparisons using Student's t-test, which rendered the following results: CA1 area, vehicle (Vh)-Sal male versus Vh-Sal female, t = 0.052; CA3 area, Vh-Sal male versus Vh-Sal female, t = 0.044; hilus area, Vh-Sal male versus Vh-Sal female, t = 0.079.
Discussion and conclusions
In spite of the frequent combined use and abuse of ecstasy and cannabis among adolescents, little is known about the long-term consequences of this pattern of drug consumption. To the best of our knowledge, only two experimental studies have investigated the long-term effects of exposure to these drugs, administered in combination, to adolescents and both reports have focused on physiological and behavioural parameters Llorente-Berzal et al., 2013a) . We provide here the first evidence of sex-dependent, persistent consequences of THC and/or MDMA administration on neuroinflammation and serotoninergic and cannabinoid systems.
MDMA (ecstasy) has neurotoxic and neuroinflammatory properties that are more evident and potent in microglia than in astroglia (Frau et al., 2013) . In agreement with this observation, our results show that MDMA did not induce a significant effect on GFAP immunoreactivity in the hippocampus, whereas it did exert clear effects on microglial reactivity. The above-mentioned study, where the effects of MDMA on glial reactivity were analysed in nucleus accumbens, striatum, substantia nigra and cortex, showed that MDMA exerted its major effect in the striatum (Frau et al., 2013) . However, the hippocampus has not been extensively studied yet. The present results show that, in this brain region, THC significantly increased the percentage of GFAP immunoreactive area in both sexes. Although a trend in the same direction was observed for MDMA, no additive effects were found when both drugs were administered in combination. Rather, in females, MDMA counteracted the effect of THC, supporting other studies which report functional interactions between THC and MDMA in the control of astrocytic activation (Touriño et al., 2010) . The mechanisms underlying the interaction of MDMA and THC on astrocytes are unknown. THC may have direct effect on astrocytes, which express CB receptors, or exert indirect effects acting on neurons. In turn, MDMA may alter the release of neurotransmitters that affect astrocyte function, such as serotonin (Quesseveur et al., 2013) . Indeed, sex differences in the levels of serotonin (Ortiz et al., 1988; Mitsushima et al., 2006) may contribute to the different effects of MDMA on male and female astrocytes.
Figure 4
Surface density of SERT positive fibres in the parietal cortex of adult male and female rats, assessed using a morphometric grid according to the method of Weibel (1979) . Animals were exposed to increasing doses of THC, 2.5, 5 and 10 mg·kg −1 or vehicle (Vh), from pnd 28 to 45, and to MDMA, 10 mg·kg Thus, it is likely that the interaction of THC and MDMA on astrocytes is mediated by modifications in neuroglia crosstalk.
The present results also show that, in males, both drugs, either separately or in combination, induced a significant increase of the percentage of reactive microglia cells (Iba-1 positive). Previous studies have shown that an acute treatment with MDMA in male Dark Agouti rats induced an increase in the levels of IL-1β (Orio et al., 2004) , which is a key mediator of microglia responses in health and disease (Giulian et al., 1988; Sheng et al., 1996; Griffin et al., 1998) . With respect to THC, in vitro studies with mouse cells have
Figure 5
Optical densitometry of CB1 receptor expression in three hippocampal areas, CA1, CA3 and hilus, of adult male and female rats. Animals were exposed to increasing doses of THC [2.5, 5 and 10 mg·kg demonstrated that this compound modulates the bioactivity of IL-1β (Shivers et al., 1994) , controlling the activation of microglia. Our present findings, showing long-term effects of MDMA and THC treatments on the percentage of reactive microglia, suggests that prolonged administration of these drugs may result in persistent modifications of microglia reactivity.
The results that we found in females regarding the effects of the drugs on microglia reactivity were just the opposite of the ones observed in males. Thus, in females, each drug, when administered alone, produced a significant decrease of the percentage of reactive microgial cells, whereas the combination of both drugs resulted in a 'normalization' of this parameter, which reached control values. It is important to highlight that the basal state of microglia cells is completely different in male and female control animals, with females presenting higher levels of cells with reactive phenotype. These findings are in agreement with previous studies, indicating that males show more microglia cells at early postnatal development (pnd 4), whereas female rats show a higher number of reactive microglia cells during adolescence and in adulthood (pnd 30-60). This sex difference is extended to the levels of chemokines and the activity of microglia cells, which may account for their different role and contribution in the response to several insults (Schwarz et al., 2012) . In view of these data, it is likely that depending on the 'starting' activational state of microglia, THC and MDMA produce different effects. Previous studies have shown that WIN55212-2, a synthetic cannabinoid agonist, administered daily for 21 days to young male Sprague-Dawley rats, decreased the number of activated microglia when it was administered together with the pro-inflammatory molecule LPS; however, it did not decrease the microglia reactivity when LPS was not present (Marchalant et al., 2007) . This observation indicates that cannabinoid agonists may reduce the microglia reactivity when there is a previous activated state. Furthermore, Marchalant et al. (2007) also found that the control of microglia reactivity mediated by this cannabinoid agonist occurred in the dentate gyrus and CA1 of the hippocampal formation but not in CA3 or the entorhinal cortex, which further indicates an site-dependent effect. The fact that in the present study THC only reduced the percentage of microglia cells in females might be attributed to their high percentage of reactive microglia in basal conditions when compared with their male counterparts. Regarding the effects of MDMA on microglia cells in males and females, Connor et al. (2005) showed that MDMA administered acutely to male Sprague-Dawley rats increased the levels of the anti-inflammatory IL-10 and decreased the pro-inflammatory TNF-α when it was co-administered with LPS in vivo and in vitro (Connor et al., 2005) ; and other authors found that MDMA exerts proinflammatory effects when injected in basal conditions (Touriño et al., 2010) . These findings suggest that MDMA also needs a previous activated state of microglia cells to reduce the microglia reactive phenotype. In line with this reasoning, and similar to what we described earlier for THC, our results indicate that MDMA reduced the percentage of microglia cells with a reactive phenotype only in females, which is the sex that showed more activated microglia cells in basal conditions. The fact that THC and MDMA when administered separately significantly decreased microglia activation with respect to the control group, what could be considered an 'anti-inflammatory' effect, should not be viewed as a beneficial effect since what the drugs are doing is changing the baseline (physiological) situation. Also within females, the combination of both drugs resulted in a return of the microglia activation to control levels. To explain these results, we propose the following explanation. According with our experimental protocol (see Figure 1) , the animals exposed to THC + MDMA had already received two injections of THC before starting with the MDMA treatment. Thus, it is likely that when MDMA began to be administered, THC had already reduced the originally increased basal reactive microglia of females. In this situation, MDMA, which appears to be in need of a previous activated state to reduce microglia activation (Connor et al., 2005) , would have increased microglia activation (as it did in males), which would result in a return to control values. It is known that CB 2 receptors are present in microglia cells and that depending on their activational state, there are changes in the expression of these cannabinoid receptors. In fact, CB2 receptors are highly expressed by activated microglia (Ashton and Glass, 2007) . Although an immunohistochemical analysis of these receptors have not been included in this study, it is plausible that the treatments that have induced an increase of reactive microglia have also caused an increase of CB2 receptor expression.
Many studies have demonstrated that MDMA produces a reduction of serotonin levels, tryptophan hydroxylase and SERT (Baumann et al., 2007; Piper, 2007; Biezonski and Meyer, 2011) . In agreement with these data, the present results show that adolescent exposure to MDMA induced a long-term significant reduction of SERT positive fibres in both sexes. This reduction has been classically considered a neurotoxic effect of MDMA on serotoninergic axons. However, nowadays, there is some evidence that points to a downregulation of SERT gene expression induced by MDMA (for review, see Biezonski and Meyer, 2011) . Therefore, the observed reduction in the surface density of SERT positive fibres may be due to serotoninergic axonal depletion and/or to decreased SERT gene expression. Our findings also indicate that THC induced a significant increase of SERT positive fibres in males with no changes in females. It is known that the endocannabinoid system plays a crucial role in neurodevelopmental processes during adolescence and modulates the activity of the serotoninergic system by inhibiting serotonin release via CB1 receptor activation (Haj-Dahmane and Shen, 2011) . It may be that chronic THC treatment and the resulting reduction of serotonin levels lead to a reorganization of serotoninergic fibres, which, in turn, could be reflected in an increase of SERT expression in the parietal cortex. In fact, previous data indicate that changes of the post-natal expression patterns of SERT may be the result of a reorganization of the serotoninergic innervation (Hansson et al., 1998) . In contrast with the present findings, Shen et al. (2011) did not find any significant alteration of SERT expression in the parietal cortex of adult animals treated chronically with THC (5 mg·kg −1 ·day −1 ) in the adolescent period. This apparent discrepancy might be attributed to the very different kinds of treatment, since in our case, we administered increasing doses of THC (2.5, 5 and 10 mg·kg −1 ) (see Figure 1) , which likely prevented the development of tolerance to the THC effect. In our hands, a normalization of the number of SERT positive fibres to control values was found in the animals exposed to both drugs.
There are several reports suggesting that acute administration of THC prevents some of the neurotoxic effects of MDMA (Morley et al., 2004; Parrott et al., 2007; Touriño et al., 2007; 2010) . This idea comes from the assumption that THC and MDMA induce, when administered acutely, in the shortterm, opposite pharmacological effects on certain parameters such as locomotion, thermal response and anxiety (Touriño et al., 2010) . Most of the research about this topic have studied the acute effects and/or short-term outcomes of THC + MDMA combination and in adult animals, whereas only a few studies have used chronic treatments during the adolescent period, which is the temporal window when these drugs are usually consumed by humans (EMCDDA, 2012) , and analysed the effects in the long term, after a relatively long washout period (between 44 and 47 days after the end of the pharmacological treatment). In these latter conditions, which mimic more adequately the usual human consumption pattern, the outcomes are far more complex. We have previously found that adolescent co-administration of THC and MDMA induced a stronger deterioration of working memory in females and attentional capabilities in both sexes compared with the effect of each drug when administered alone (Llorente-Berzal et al., 2013a) . Other authors have reported that THC may somehow counteract the anxiogenic-like effect of MDMA (Morley et al., 2004; Shen et al., 2011) , whereas we did not find any interaction of MDMA and THC in the plus maze (a test that is used to evaluate anxiety-related behaviour) (Llorente-Berzal et al., 2013a) . Thus, in our case, the normalization of SERT expression induced by the combination of THC and MDMA does not appear to be reflected in 'normalization' at the behavioural level.
The present results show that SERT expression was higher in control females than in control males. The serotoninergic system presents sexual dimorphisms. Ortiz et al. (1988) reported higher plasmatic levels of serotonin in women than in men, and Mitsushima et al. (2006) found that male rats have higher levels of serotonin than females in the basolateral amygdala, possibly due to a higher synthesis rate in males in several brain regions, including the parietal cortex (Nishizawa et al., 1997) . Our results show that control females show a higher density of SERT positive fibres in the parietal cortex, supporting previous studies in humans (Staley et al., 2001) .
Regarding the results of CB 1 receptor expression, we did not observe significant effects of the pharmacological treatments in males, whereas in females, a nice 'staircase' effect appeared, with the group exposed to both drugs showing the lowest CB1 expression. This same profile was found for the discrimination index in the novel object test for male and female animals, that is, no effects in males and a decrease in females with the highest decrease found in females treated with both THC and MDMA (Llorente-Berzal et al., 2013a) . This test is usually employed to assess hippocampal-related long-term memory reconsolidation, and the discrimination index provides a measurement of the animals' ability to discriminate a novel object from a familiar one, which is known as object recognition memory (ORM) (Antunes and Biala, 2012) . As it has been previously shown that endocannabinoid system is crucial for ORM (Clarke et al., 2008; Rubino and Parolaro, 2011) , it is conceivable that the marked reduction of hippocampal CB 1 receptors in the female animals exposed to both drugs, THC and MDMA, is related to their impaired memory function (Llorente-Berzal et al., 2013a) .
Previous studies with similar protocols have demonstrated long-term changes in CB1 receptor density after chronic treatment with a CB1 receptor agonist during adolescence, showing a decrease in CB1 receptor immunoreactivity in males (Rubino et al., 2008) , and similar results were obtained with a treatment with CP55940 in adolescent rats . The discrepancy between these data and the ones found in the present study could be due to the differences in the CB1 receptor agonists, rats strain and/or previous manipulation, that is, the set of behavioural tests that the animals used in this case had performed (Llorente-Berzal et al., 2013a) . We have already reported a basal sexual dimorphism in CB1 receptor levels in the hippocampus, with females exhibiting lower levels of CB1 receptors than males (Mateos et al., 2011; López-Gallardo et al., 2012; Llorente-Berzal et al., 2013c) ; however, the results of the present study shows the opposite trend. CB1 receptor expression can be altered by disturbances during neurodevelopmental periods (Suárez et al., 2009; López-Gallardo et al., 2012) . In the present experiments, control animals were submitted to chronic injections of vehicle and saline, rectal temperature measurements, and holeboard and elevated plus maze behavioural tests during adolescence (Llorente-Berzal et al., 2013a) , which is a determinant neurodevelopmental period of the endocannabinoid system . This could be a plausible explanation for the apparent discrepancy between the present results and the previous studies.
In summary, the results presented here showed that THC and/or MDMA administration during adolescence induced long-term alterations in neuroinflammation-related parameters and changes in serotoninergic and cannabinoid systems. The majority of the studies aimed at clarifying the effects of these two drugs do not represent the actual pattern of human consumption. For this reason, animal models such as the one used in here, which mimics more adequately the human pattern of drug use and abuse could provide more valuable evidence for the long-lasting effects of drugs. These results also point out that sex is a crucial factor. There is evidence for the existence of sex differences in the metabolism of several neurotransmitters such as dopamine, serotonin or GABA (Andreano and Cahill, 2009) , as well as various neuropeptidergic systems (Bielsky et al., 2005; Kauffman, 2010) . Therefore, it is plausible that compounds that interact with these systems, such as cannabinoids or psychostimulants, induce different responses in males and females.
